A fast method to obtain a quantitative structure-retention relationship is required in chromatography for the rapid optimization of chromatographic separation conditions. Chromatographic data of acidic drugs are analyzed by a computational chemical method to simulate chromatographic simulation. The direct interaction between a model phase and a drug is calculated as an energy value using the molecular mechanics calculation of CAChe. Computational chemistry using a model adsorbent is a new method for quantitative analysis of retention in reversed-phase liquid chromatography. The correlation coefficient is 0.878 (n = 19) between the retention factors of acidic drugs and interaction energy values of the final structure (∆ ∆FS) between an acidic drug and model pentyl-bonded phase.
Introduction
Optimization of the quantitative structure retention relationship (QSRR) has been required. The octanol-water partition coefficient (log P) has been used as a molecular property of analytes (1) . Several log P calculation methods were evaluated by comparison with reference values (2, 3) , and a new method-a modified CAlogP method-was proposed for the optimization of reversed-phase liquid chromatography (RPLC). The new log P values were evaluated with log k values of phenolic and nitrogencontaining compounds measured in RPLC (4) . However, log P is a property of molecular forms of analytes, not ionized forms. This means log P is not the final solution to establishing the QSRR in chromatography. QSRR based on the molecular properties of analytes would have limitations when applied under various chromatographic conditions. A computational chemical analysis was applied to study retention time differences in LC based on the retention mechanisms derived from solubility properties in which hydrophobic interaction is considered as the major driving force in RPLC (1) . A model phase was constructed to study the molecular interactions in LC, and the quantitative molecular interactions were proposed (5,6) using the molecular mechanics calculation (MM2) of the CAChe program (7) . Simulation of RPLC for simple phenolic compounds was proposed. The correlation between molecular interaction energy values (∆energy) and retention factors obtained for the molecular forms was used to predict the maximum retention factors, and that for the ionized forms was used to predict the minimum retention factors in given pH eluent (8) . This preliminary, successful method was applied to analyze the retention factors of phenolic compounds (9) using a model phase (10) . The new model phase was better than the first model phase. Therefore, this new approach was applied using new model phases to QSRR of acidic drugs whose structure is varied compared with homologous phenolic compounds.
octanol-water partition coefficient (Vlog P values) was calculated using TopKat (Fujitsu, Tokyo, Japan).
Results and Discussion
A model butyl-bonded phase that was used previously for a development of new optimization system in silico (8) was applied to develop a common optimization system for a variety of compounds. The docking between an acidic drug and the butyl phase was simple. The lowest energy value of a complex was easily obtained. The example of the optimized complex form between benzoic acid and the butyl phase is shown in Figure 1 , in which the stick and ball indicate the structure of optimized complex between the model phase and benzoic acid. Butyl groups of the model butyl-bonded phase are highly dense and not pushed down by the analyte that lies on top of the butyl group brush.
The energy values of individual compounds calculated using MM2 are listed in Table I along with the properties (log P and pKa) of acidic drugs used. The calculated energy values are final (FS), hydrogen bonding (HB), electrostatic (ES), and van der Waals (VW) energy. The energy values of individual complexes for the model butyl phase and an acidic drug are listed in Table  II The r between ∆FS1 or ∆VW1 calculated using the model butyl phase and measured log k values of molecular form acidic drugs listed as log k 2 in Table II In this model system, one side of the analyte was in contact with this model phase, and the steric effect was neglected. The difference of ∆FS1 and ∆VW1 was large for barbituric acid, probenocid, and mefenamic acid.
The new silica gel based pentyl-bonded phase consisted of 682 atoms, 742 bonds, and 5,107 connectors containing 158 silicones, 304 oxygens, 63 carbons, and 157 hydrogens. The monolayer of the polysiliconedioxide phase was locked to avoid deformation of the structure by further optimization because the atomic distance of silica gel does not change under LC conditions. The minimized model bonded phase was constructed for a simple lap-top-computer calculation. The structure of the model bonded phase consists of eight pentyl groups and many oxygens that are kept free to reduce the number of atoms. Figure 2 shows a side view of an optimized structure, and the complex with nicotinic acid is shown in Figure 3 , in which the atomic size of nicotinic acid is 1 instead of 0.2 to show the optimized location. Other complexes showed the similar structure. Pentyl groups of the pentylbonded polysiliconedioxide phase stand tall before optimization of the molecular interaction with an analyte, then draw close to the analyte after the calculation like a predation of a sea anemone. The FS, HB, ES, and VW energy values of a complex between the pentyl-bonded phase and an acidic drug are listed in Table II as FS2, HB2, ES2, and VW2.
An improvement in the correlation was expected if a low-density phase was used as a model phase because the analyte should be buried in the alkyl chains. The interaction energy values between an acidic drug and the silica gel-based pentyl phase were calculated. The r between ∆FS2 and measured log k values of molecular form acidic drugs listed as log k 2 in Table I where r is 0.700 and n is 19.
The contribution of HB2 and ES2 values was very poor. The HB2 energy value of these model phase is zero. The r for ∆HB2 and ∆ES2 was 0.034 and 0.124, respectively. The contribution of ∆VW energy indicated that hydrophobic interaction is the predominant molecular interaction in the retention of these acidic drugs on an alkyl-bonded phase in RPLC. The difference of ∆FS2 and ∆VW2 was large for barbituric acid, probenocid, and mefenamic acid even if the silica gel-based phase diminished the steric effect. The correlation coefficient was still very poor, therefore, further improvement of a model phase was studied.
In the synthesis of the alkyl chain-bonded silica gel, two chloro groups of alkylsiloxaine may bind with two silanol groups of the polysiliconedioxide phase. Therefore, a monomethylpentylbonded phase was constructed as a model phase on which there was no free silanol group at the adsorption site. It consisted of 753 atoms, 828 bonds, and 6056 connectors containing 165 silicones, 304 oxygens, 90 carbons, and 210 hydrogens. Fifteen monomethylpentylsilicones bind (bonded) with two oxygens of the polysiliconedioxide phase within 900 Å 2 . The optimized structure of a complex of this model phase and phenylbutazone is shown in Figure 4 . In this phase there was not enough space to stick a molecule between brushes. Only one side of molecule contacted with the model phase. This means this type of model phase was not an ideal model even though longer alkyl-chains were used to construct a model phase that required longer calculation time. The FS, ES, HB, and VW energy values of a complex between this monomethylpentyl-bonded phase and an acidic drug are listed in Table II as FS3, ES3, HB3, and VW3. The r between ∆FS and log k 2 in Table I was 0.486 (n = 19). The r was 0.549 from ∆VW3.
Eq. 5
where r is 0.486 and n is 19. ∆VW3 = 3.587(log k 2 ) + 15.904
Eq. 6
where r is 0.549 and n is 19. The correlation coefficients were very poor. This type of bonding may not be realistic for an alkyl-bonded silica gel. The difference of ∆FS3 and ∆VW3 was large for barbituric acid, probenocid, and mefenamic acid even in this bonded phase.
Furthermore, a new phase was constructed based on dimethylpentylsilane. It consisted of 991 atoms, 1051 bonds, and 15,193 connectors containing 171 silicones, 328 oxygens, 143 carbons, and 349 hydrogens. Twenty dimethylpentylsilanes and one trimethylsilane were bonded within 900 Å 2 on the polysilicone dioxide phase. The trimethylsilane was considered an end-capped molecule. The optimized structure of a complex of this model phase and iopanoic acid is shown in Figure 5 . This upper view of space-filled structure indicates how a molecule is fitted in the pocket. The trimethyl silane is the center of the pocket. The atomic size is 1 instead of 0.2 for the stick and ball model. Dimethylpentyl groups stand close together because of their steric hindrance. Some of them lie in a free space after the optimized molecular interaction On this new bonded phase, dimethylpentyl groups surrounded one trimethyl group. Silanol groups around the trimethylsilane group are completely covered by alkyl groups. The silanol group may not have contributed. The first circle of dimethylpentyl groups may not be pushed down in the presence of an analyte. The second circle of dimethylpentyl groups should support the first. The interaction energy values between an acidic drug and the new model phase were calculated and are listed as FS4, HB4, ES4, and VW4 in Table II Eq. 9
where r is 0.925 and n is 19. These results are better than the results for the previous three models, but the difference of ∆FS4 and ∆VW4 was still large for barbituric acid, probenocid, and mefenamic acid at more than 10 kcal/mol. The r between log P and log k 2 was 0.925 (n = 19). This r value was not significantly high compared with the results for phenolic compounds (4). Therefore, log k 2 values measured by LC may not be maximum retention factors. Further development was necessary for simulation chromatography of drugs. The mass of drugs was quite large and the structure was complicated compared with that of phenolic compounds. The retention factors of partially ionized compounds were calculated with the following equation (18) Eq. 14 where r is 0.783 and n is 15 at pH 7.40. The results indicated that the retention time of acidic drugs can be predicted using both energy value changes in the optimized structure calculated with MM2. The addition of pKa values predicted from the atomic partial charge calculated by the molecular orbital package enables the retention factors in a given pH eluent to be predicted.
An octyl-bonded phase was constructed similar to the first pentyl phase without end capping and examined the molecular interactions with these acidic drugs examined. However, the longer alkyl chains did not help to improve the correlation coefficient between ∆energy and log k 2 . The addition of one water molecule, besides a polar group of analyte, changed the ∆energy values. However, this MM2 calculation method cannot handle multisolvent molecules.
Molecular interaction in LC can be quantitatively estimated from the energy values calculated by molecular mechanics using analytes and a model phase. The addition of a solvation effect and the construction of a better model phase should improve the precision of qualitative analysis of retention factors in LC.
Conclusion
The retention time of acidic drugs in RPLC was predicted from molecular interaction energy values calculated with MM2. The precision of the retention factors predicted with this new method was equivalent to a former method in which the retention time was predicted from VlogP. Furthermore, the prediction of retention factors of phenolic compounds in RPLC in a given pH eluent was performed using the dissociation constant (pKa). Computational chemical calculation demonstrated a possibility of simulation chromatography of retention of acidic drugs on a pentyl phase. Further computational chemical study with a solvent effect using a better model phase will improve the precision. However, the solvent effect cannot be included in the present calculation system. 
